Proton-coupled monocarboxylate transporters (MCTs) are essential for the transport of lactate, ketone bodies, and other monocarboxylates through the plasma membrane. The present immunohistochemical study aimed to examine the expression of MCTs in the brown adipose tissue (BAT) of mice. An intense immunoreactivity for MCT1 was found in the plasma membrane of brown adipose cells at light and electron microscopic levels but not in white adipose cells. The expression of MCT1 in BAT was confirmed by Western blot and in situ hybridization analyses. In fetuses (E17.5) and neonates, the MCT1 mRNA expression of BAT was abundant and appeared more intense than that in adult animals. These results, together with the intense expression of CD147 (a functional partner of MCTs) and acetyl-CoA carboxylase-2 (a component of fatty acid oxidation) in perinatal periods, suggest the involvement of MCT1 in the uptake of monocarboxylates from the circulation for thermogenesis rather than lipogenesis.
Mammals have two types of adipose tissues, namely white and brown adipose tissues. The brown adipose tissue (BAT) is composed of multilocular adipose cells with multiple lipid droplets and numerous mitochondria. A dense distribution of blood vessels and adrenergic nerve fibers also characterizes BAT (4, 5) , suggesting more active and regulatory metabolism than in the white adipose tissue. Since BAT is concerned with heat production mediated by mitochondria, non-shivering thermogenesis by BAT is important in newborn mammals easily exposed to cold. The major substrates for thermogenesis are free fatty acids and glucose, the former being obtained from the circulation or derived from intracellularly stored triglycerides. BAT has a very high uptake ability of glucose per gram of tissue, and the glucose uptake is markedly stimulated by cold exposure, via the upregulation of GLUT4 (22, 24) . Monocarboxylates, including lactate, ketone bodies, and acetate, represent alternative energy substrates under particular conditions with a decreased utilization of glucose such as the postnatal period (25) . BAT in these conditions may uptake monocarboxylates circulating or locally produced, for the energy supply and production of medium-and long-chain fatty acids to be stored in lipid droplets. Animal cells take up and excrete the monocarboxylate anions by means of proton-coupled monocarboxylate transporters (MCTs) in an electroneutral manner (9, 10) . Although fourteen MCT isoforms-each having a unique distribution and different sequence homology-have been identified in mammals, only the first four (MCT1-MCT4) have been demonstrated experimentally to catalyze the proton-linked transport of metabolically important monocarboxylates (12, 19, 23) . Monocarboxylate metabolites provide fuel; they can be converted into glucose and then fatty acids in most cells. In some lipogenetic tissues, MCTs are involved in the in 0.1 M phosphate buffer for 15 min and then acetylated with 0.25% acetic anhydride in 0.1 M triethanolamine-HCl (pH 8.0) for 10 min. Hybridization was performed at 42°C for 10 h with a hybridization buffer containing 33 P-labeled oligonucleotide probes (10,000 cpm/mL). The sections were rinsed at room temperature for 30 min in 2 × SSC (1 × SSC: 150 mM sodium chloride, 15 mM sodium citrate) containing 0.1% N-lauroylsarcosine sodium, then rinsed twice at 55°C for 40 min in 0.1 × SSC containing 0.1% N-lauroylsarcosine sodium, dehydrated through a graded series of ethanol, and air-dried. Sections were dipped in an auroradiographic emulsion (NTB-2; Kodak) at 4°C for 8-10 weeks. The hybridized sections used for autoradiography were counterstained with hematoxylin after development. In situ hybridization technique using the two nonoverlapping antisense probes for each mRNA exhibited identical labeling in all the tissues examined. The specificity of the hybridization was also confirmed by the disappearance of signals upon the addition of an excess of an unlabeled antisense probe.
Immunohistochemistry. Bouin-fixed paraffin sections were dewaxed and immersed in water and 0.01 M phosphate buffered saline (PBS, pH 7.2). After preincubation with normal goat serum, the sections were incubated with a chicken anti-rat MCT1 antibody (AB1286; Chemicon International, Temecula, CA) at a concentration of 0.5 μg/mL or rabbit antirat UCP1 antiserum (20) in a dilution of 1 : 2,000 overnight. The sites of the antigen-antibody reaction were detected by incubation with biotin-conjugated goat anti-chicken IgY (Santa Cruz Biotechnology, Santa Cruz, CA) or goat anti-rabbit IgG (Nichirei, Tokyo, Japan), followed by incubation with the avidin-peroxidase complex (Vectastain ABC kit; Vector, Burlimgame, CA). The reactions were visualized by incubation in 0.01 M Tris-HCl buffer (pH 7.6) containing 0.01% 3,3'-diaminobenzidine and 0.001% H 2 O 2 . The specificity of immunoreactions on sections was confirmed according to a conventional procedure, including absorption tests. The immunoreactivity with the MCT1 antibody was completely abolished using the primary antibodies preabsorbed with the corresponding antigens (human MCT1 from Santa Cruz Biotechnology).
Silver-intensified immunogold method for electron microscopy. The paraformaldehyde-fixed tissues were dipped in 30% sucrose solution overnight at 4°C, embedded in OCT compound, and quickly frozen in liquid nitrogen. Frozen sections of some production of steroids and medium-and long-chain fatty acids (27) . To reveal the involvement of monocarboxylates in the thermogenesis by BAT, the present histochemical study examined the expression of MCTs in BAT at mRNA and protein levels in fetal, neonate, and adult mice. Since glucose is also one of the major energy sources for BAT, the expression of facilitated-diffusion glucose transporters (GLUTs) was also examined by the same methods. The adipose tissues are known to express GLUT1 and GLUT4, the latter being functionally linked to the thermogenesis by BAT (24) .
MATERIALS AND METHODS
Tissue samples. Mouse specimens from adult ddY males (8 weeks old), neonates (postnatal 1 to 20 days, P1-P20), and fetuses at 17.5 gestational age were used in this study. For in situ hybridization analyses, BAT was collected from the dorsal interscapular region, embedded in a freezing medium (OCT compound; Sakura FineTechnical Co. Ltd., Tokyo, Japan), and quickly frozen in liquid nitrogen. Fresh tissues from BAT were also fixed in Bouin's fluid for 12 h and processed to paraffin sections for conventional hematoxylin-eosin staining and immunohistochemistry. For immunohistochemistry at the electron microscopic level, adult male mice were deeply anesthetized by an intraperitoneal injection of pentobarbital, then perfused through the left ventricle of the heart with a physiological saline, and subsequently with 4% paraformaldehyde plus 0.2% picric acid in 0.1 M phosphate buffer, pH 7.4. The interscapular BAT was dissected out and immersed in the same fixative for an additional 6 h. All experiments using animals were performed under protocols following the Guidelines for Animal Experimentation, Hokkaido University Graduate School of Medicine.
In situ hybridization. Two non-overlapping antisense oligonucleotide DNA probes (45 mer in length) were designed for each mRNA of mouse MCT1-MCT4 and GLUT1-GLUT5 as described in our previous study (27, 30) . Antisense probes for UCP1 and CD147 were complementary to the following sequences: 321-365 and 961-1005 of mouse UCP1 mRNA (accession number: NM_009463); and 131-175 and 641-685 of mouse CD147 (basigin) mRNA (BC012270). The probes were labeled with 33 PdATP using terminal deoxynucleotidyl transferase (Invitrogen, Carlsbad, CA). Fresh frozen sections, 14-μm-thick, were fixed with 4% paraformaldehyde was high in fetuses but decreased in intensity after parturition. This in situ analysis included the mRNA detection of CD147 (or basigin), whose co-expression is required for the correct functional expression of some MCT subtypes (MCT1, MCT3, and MCT4) (19) . CD147 mRNA was intensely expressed in BAT, again most intensely in fetuses (E17.5). It is 15 μm in thickness were mounted on poly-l-lysinecoated glass slides, incubated with rabbit antihuman MCT1 antibody (3 μg/mL; Biogenesis Ltd, Poole, UK) overnight, and subsequently reacted with goat anti-rabbit IgG covalently linked with 1-nm gold particles (1 : 200; Nanoprobes, Yaphank, NY). Following silver enhancement using HQ silver (Nanoprobes), the sections were osmificated, dehydrated, and directly embedded in Epon (Nisshin EM, Tokyo, Japan). Ultrathin sections were prepared and stained with both uranyl acetate and lead citrate for observation under an electron microscope (H-7100; Hitachi, Tokyo, Japan).
Western blot analysis. BAT and the cecum were obtained from adult mice and homogenized with an ice-cold 10 mM Tris-HCl buffer (pH 7.0) containing 1 mM EDTA, 20 mM KCl, and a protease inhibitor cocktail (Complete Mini; Roche, Mannheim, Germany). Soluble fractions were processed according to Garcia et al. (10) and proteins of 50 μg were subjected to 12% sodium dodecyl sulfate polyacrilamide gel electrophoresis under reducing conditions. The proteins were then transferred to polyvinylidine difluoride membranes (Hypond-P; GE Healthcare Biosciences, Buckinghamshire, UK) and incubated with the chicken antibody against MCT1 (0.1 μg/mL). The bound antibodies were visualized using peroxidase-labeled anti-chicken IgY (1 : 2,000 in dilution; Santa Cruz Biotechnology) and an enhanced chemiluminescence system (ECLplus; GE Healthcare Biosciences, Buckinghamshire, UK) according to the manufacturer's instructions.
RESULTS

In situ hybridization
For identification of MCTs and GLUTs and their developmental changes in BAT, in situ hybridization analysis was carried out in fetal (E17.5), neonate (P1, 7, 10, and 20), and adult mice using probes specific to either MCT1-MCT4 or GLUT1-GLUT5. Significant expressions of MCT1 and GLUT4 among four MCTs and five GLUTs were respectively recognized in the BAT of fetuses, neonates, and adults (Fig. 1) . The expression of MCT1 and GLUT4 in BAT was confirmed by co-expression of UCP1 (a key molecule for BAT thermogeneis) on serial sections, even in fetal BAT for which transversely cut sections of thoracic part of fetuses were used (arrows, E17.5 in Fig. 1 ). The signals for MCT1 were more intense in fetal and early neonatal stages (P1 and P7) than in adults. GLUT4 mRNA expression es and neonates. BAT in adults appeared to express Acc1 and Acc2 mRNAs equally.
Immunohistochemistry and immnuoblotting
An intense MCT1 immunoreactivity was found in the adult BAT tissues, which were also intensely immunoreactive for UCP1, while the MCT1 immunoreactivity was faint in white adipose tissues (Fig. 2a, generally accepted that acetyl-CoA carboxylase (Acc)-1 is abundant in lipogenic tissues (liver and adipose tissues) to regulate the de novo synthesis of medium-and long-chain fatty acids while Acc2 is plentiful in the heart, skeletal muscle, and liver to regulate fatty acid oxidation (2) . In situ hybridization analysis for Acc1 and Acc2 mRNAs in BAT showed that Acc2 was predominant in type in fetus- Fig. 2 Light microscopic observation of MCT1 and UCP1 in adult mice. In a-b, two adjacent sections containing brown adipose (BAT) and white adipose tissues (WAT) are stained for MCT1 (a) and UCP1 (b). Asterisks indicate a vein. In situ hybridization analysis shows an intense expression of MCT1 mRNA in BAT in bright-field (c) and dark-field images (d) of a single section. At a higher magnification of an immunostained section, the MCT1 immunoreactivity is restricted to the plasma membrane (e). A section from adult BAT is double stained for MCT1 (red) and UCP1 (green) (f). Bars a-d: 50 μm, e, f: 10 μm b). The immunoreactivity for MCT1 in both types of adipose tissues matched in the intensity to the mRNA expression shown by in situ hybridization (Fig. 2c, d ). The MCT1 immunoreactivity was restricted to the plasma membrane and weak or faint in the cytoplasm, which was heavily labeled with the UCP1 antibody (Fig. 2e, f) . At the electron microscopic level, an accumulation of gold particles showing the existence of MCT1 immunoreactivity was found in the plasma membrane of brown adipose cells along their entire length but not in blood vessels (Fig. 3) . No significant localization of MCT1 immunoparticles was recognized in the cytoplasm, including mitochondria. In Western blot analysis, a single immunoreactive band for MCT1 appeared in the BAT and cecum as a positive control (Fig. 4) 
Developmental changes of cell morphology and MCT1 in BAT
Hematoxylin-eosin staining of BAT in feuses (E17.5), neonates (P1 and P7), and adults displayed the morphological changes, especially in the sizes of cells and accumulation of lipid droplets (Fig. 5) . The cell size of adipose cells increased during the developmental stages (from E17.5 to adult), as clearly Fig. 3 Electron microscopy of MCT1 immunoreactivity in adult BAT. Silver-intensified gold particles are deposited along the plasma membrane but not in the endothelium of a blood vessel (BV). L lipid droplets, Bars 1 μm chain monocarboxylates, are broadly distributed throughout the body (19) . The present immunohistochemical study revealed a significant expression of MCT1 in BAT but not in white adipose tissue, reflecting the active metabolism of BAT. In conjunction with this, we were able to detect an elevated expression of MCT1 in the BAT of newborns (the present study) and adult BAT under cold conditions (our unpublished data), both of which require an increased thermogenesis. A concomitant intense expression of UCP1 and CD147 supports the notion of active thermogenesis in neonates and the involvement of MCT1 in the uptake of monocarboxylates possibly as energy sources and/or substrates of thermogenesis. One unexpected finding in the present study is the highest expression of the metabolic machinery (MCT1, CD147, and UCP1) in fetuses, in which the thermal homeostasis was fully secured by the mother. This is consistent with a previous observation that the typical thermogenic BAT with an increase of UCP1 expression in fetuses rapidly develops in the mouse and rat two days before birth (15) . However, it is difficult to link the elevated expression of MCT1 and UCP1 to active thermogenesis since the BAT prior to birth did not yet express PEPCK (phosphoenolpyruvate carboxylase), an indicator of the terminal differentiation of BAT (28) . It is safe to consider this phenomenon as a preparatory set-up against acute cold exposure after parturition. MCTs transport short-chain (C-2 to C-6) monocarboxylates bi-directionally in an electro-neutral manner. The direction of transport and main substrates to be conveyed differ according to cell types and must determine the role of MCT in the cell-specific metabolism. For example, MCTs in the intestinal epithelium are localized in the basolateral membrane of epithelial cells and may export monocarboxylates-both incorporated from the intestinal lumen and metabolically produced within the cellstowards the blood circulation (16) . MCT1 expressed in the vascular endothelium of the brain is involved in the uptake of monocarboxylates from the blood (11) . The expression of MCT1 in the blood-brain barrier (BBB) becomes intense in neonates and decreases after weaning, in contrast to GLUT1 whose expression increases after weaning (25, 29) . This developmental change in MCT1 and GLUT1 in BBB responds to the switching of major nutrients from monocarboxylates (ketone bodies and lactate) to glucose for the developing brain. Although MCTs may regulate both the uptake and excretion of monocarboxylates for a cell, MCT1 in BAT may not be linked to the excretion of lactate and ketone bodshown by immunostaining for MCT1. The number and size of lipid droplets in adipose cells were both small in E17.5 fetuses although some cells contained a comparatively large lipid droplet (arrows in Fig. 5a ). Lipid droplets at postnatal days 1 and 7 grew to occupy most of the cytoplasm, and the size of each droplet was larger than that in adults. Immunostaining for MCT1 labeled the plasma membrane of brown adipose cells in all stages from fetuses to adults. The intensity of immunoreactivity appeared to be more intense in adults, though it was essentially same throughout the developing stages.
DISCUSSION
Metabolic monocarboxylates as well as glucose are utilized as energy sources in most cells. The contribution of lactate and ketone bodies to the energy supply becomes more important when the availability of glucose is decreased, i.e., in starvation, diabetes, and during the early postnatal period (6, 7, 13, 14) . On the other hand, lactate is produced in quantity as an end product of glycolysis and must be expelled out of the cell to avoid cellular acidosis. Furthermore, acetate, ketone bodies, and other monocarboxylates can serve as precursors for lipogenesis, including the production of cholesterol via acetylCoA. MCTs, critical transporters for these short- 
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ies since the rich existence of mitochondria in BAT implies the low production of lactate and ketone bodies. The expression profile of acetyl-CoA carboxylase (Acc1 or Acc2) is important for identifying whether monocarboxylates taken up by MCTs are used for lipogenesis or fatty acid oxidation (2, 3) . Acc1 is localized in the cytosol and Acc2 in mitochondria (1). The brown adipose cells in fetal and earlier postnatal periods intensely expressed Acc2, which regulates fatty acid oxidation, rather than Acc1 for lipogenesis. This finding is supported by the greater abundance of larger lipid droplets in neonates (P1 and P7) than in adults. It is likely that BAT in the perinatal stage is not so in need of the formation of lipid droplets with the aid of MCT1. Therefore, MCT1 expressed in BAT during the perinatal period may play a role in the uptake of monocarboxylates-mainly lactate via the placenta or ketone bodies derived from milk lipid-for an energy supply and/or indirect supply of substrates for thermogenesis. On the other hand, adult BAT came to express Acc1 as well as Acc2. MCT1 in the adult BAT may be useful for the uptake of materials for lipogenesis, as demonstrated in sebaceous glands and mammary glands (27) . Intracellularly, UCP1 can translocate pyruvate, acetate, and the entire class of ketocarboxylates. Ježek and Borecký (18) proposed that pyruvate cycling within the cytoplasm plays an important regulatory role in thermogenesis. This suggests a possibility that MCT1, which can transport pyruvate, affects the function of UCP1. However, the predominant localization of MCT1 in the plasma membrane of adipose cells denies the involvement of MCT1 in the intracellular transport of pyruvate through the membrane of mitochondria. BAT has been reported to express both GLUT1 and GLUT4, but the present in situ hybridization could detect GLUT4 mRNA only. The expression of GLUT4 in BAT is up-regulated under some specific conditions such as cold exposure (24) , and glucose incorporated by BAT serves a substrate for thermogenesis as well as triglyceride and glycerophosphate production (21, 24) . In our in situ hybridization analysis, mRNA expression of GLUT4 appeared to be sufficiently high in fetuses but decreased in neonates, in which the ingestion of glucose via milk is considerably low as compared with lipid nutrients. Thus, the expression profile of MCTs versus GLUTs in BAT during postnatal development reflects the body condition regarding the use of major nutrients, as shown in the brain (25) and peripheral nerves (26) .
In conclusion, the expression profile of MCT1 in
